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Microwave-Assisted Synthesis of a Superparamagnetic Surface-
Functionalized Porous Fe;0,/C Nanocomposite

Abstract: An Fe;O,/C nanocomposite
was synthesized in a microwave-assist-
ed hydrothermal reaction. This green
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copy, Brunauer—-Emmett-Teller analy-
sis, X-ray photoelectron spectroscopy,
vibrating sample magnetometry, and

UV/Vis spectroscopy. The product pos-
sesses porous structures and exhibits
superparamagnetic behavior. Interest-

wet-chemical approach is simple, low-
cost, and ideal for large-scale produc-
tion. The resulting composite material
was characterized by transmission elec-
tron microscopy, powder X-ray diffrac-
tion, energy-dispersive X-ray spectros-

iron oxide -
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Introduction

Recent advances in the field of novel functional materials
are paving the way for exciting applications in modern sci-
ence and technology.!! In particular, the general class of in-
organic nanocomposite materials is a fast-growing area of
chemical research.”) Considerable effort has been made to
design, construct, and manipulate nanostructure composites
through innovative synthetic approaches. Nanocomposite
materials not only inherit the properties of their individual
parents, but also provide the possibility for enhanced func-
tionality and multifunctional properties, in contrast with
their more-limited single-component counterparts.’”) For in-
stance, Co/CdSe nanocomposites were shown to retain bi-
functional magnetic-optical properties, thus permitting po-
tential applications such as optical “reporters” coupled with
magnetic “handles” for use in bioassays.”! Composite Fe,Oy/
MgO and Fe,0,/CaO nanoparticles have greatly enhanced
efficiencies over pure MgO and CaO catalysts for SO, ad-
sorption, H,S removal, and chlorocarbon destruction.”! Re-
cently, our group produced a series of TiO,-based nanocom-
posite photocatalysts (e.g., CdS/TiO,, Pt/TiO,, and S/TiO,)
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ingly, its functional groups were inher-
ited from the starting materials. This
hydrophilic and biocompatible nano-
composite may find applications in cat-
alysis, separation, adsorption, and bio-
nanotechnology.

superparamag-

that show enhanced catalytic/photocatalytic activities.””!
Advances in physical methods have led to an understanding
of structure—performance relationships at the molecular
level that are strongly related to size, composition, and
structural order.®® This knowledge, together with effective
strategies for nanostructure construction, has inspired the
design and development of new composites for advanced
applications.

Hydrothermal/solvothermal synthesis is a well-established
approach for producing many inorganic materials with de-
sired micro- or nanostructures.'” Under closed high-pres-
sure conditions, water or solvents typically exhibit unusual
properties, including sufficient density to dissolve materials
and high diffusivity to facilitate mass transport.’Y! Hydro-
thermal/solvothermal processing allows many inorganic ma-
terials to be synthesized at temperatures substantially lower
than those required by conventional solid-state or vapor re-
actions."” In comparison to coprecipitation and sol-gel
methods that also allow for relatively low reaction tempera-
tures, hydrothermal/solvothermal processes always give rise
to crystalline products without any further postannealing
treatment (e.g., calcination after sol-gel processes).”’] How-
ever, conventional heating methods in hydrothermal/solvo-
thermal processes often rely on thermal conduction of
black-body radiation to drive chemical reactions. They inevi-
tably suffer from several disadvantages, especially at low
temperatures, including sharp thermal gradients throughout
the bulk solution, slow reaction kinetics, and nonuniform re-
action conditions."” New approaches have been sought par-
ticularly for the controlled growth of nanomaterials, for
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which uniform nucleation and growth rates are critical to
material quality. Microwave dielectric heating can address
the problems of heating inhomogeneity and slow reaction
kinetics, while providing a platform for large-scale industrial
applications."” The application of this technique is a fast-
growing research area of immense potential.">"*l Microwave
heating opens up the possibility of reactions that proceed in
a very short time with higher selectivity and energy efficien-
cy compared to conventional heating."*!*! Very recently, we
developed the microwave-enhanced hydrothermal approach
for producing carbon-based interconnected cablelike Ag/C
and spherical Se/C nanocomposites by taking advantage of
microwave heating and hydrothermal effects at a relatively
low and controllable temperature.'® Herein, we report on
an extension of this efficient wet-chemical approach to the
synthesis of a new functionalized Fe;O,/C nanocomposite.
Iron oxide (Fe,O; and Fe;0,4) nanocrystals have been of
much scientific and technological interest over the past dec-
ades."1® Their magnetic behavior is exploited for magnetic
recording and diverse biomedical applications, including
assays,™! imaging,® and drug delivery.”"! So far, a number
of synthetic techniques such as coprecipitation, microemul-
sion, ultrasound irradiation, laser pyrolysis, and thermal de-
composition have been developed for producing superpara-
magnetic nanoparticles.”” These pure-phase magnetic parti-
cles, however, have severe limitations. For example, they
tend to aggregate because of strong magnetic attractions be-
tween particles with large specific surface areas, and they
are prone to biodegradation by microbial attack during their
exposure to biological systems.”” Therefore, chemical modi-
fications must be made to enhance the applicability of nano-
scale iron oxide materials. Fe;O, nanoparticles modified by
polymers, semiconductors, and metals have been reported.**!
Nanocrystals of iron oxides have also been incorporated
into various porous matrices, including silica xerogels/aero-
gels,” nanochannel alumina,?! mesoporous silicates,”” alu-
minosilicates,” and carbon materials.’! Despite these ad-
vances, however, challenges still remain in achieving the
ideal functionalities of Fe;O,-based nanocomposites through
a simple but efficient approach. Herein, a nanostructured
Fe;0,/C composite was synthesized on a large scale through
a mild microwave-enhanced hydrothermal route by using
starch as a carbonaceous source and water as an environ-
mentally friendly solvent. From the view of green chemistry,
this method is favorable as neither hazardous organic sol-
vents nor expensive substances are used, and is therefore
ideal for large-scale industrial production. Also, the result-
ing Fe;O,/C nanocomposite contains functionalized hydro-
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philic and biocompatible surfaces and porous structures, and
exhibits superparamagnetic behavior. To the best of our
knowledge, this is the first report on a rapid microwave-en-
hanced hydrothermal synthesis of the functionalized Fe;O,/
C nanocomposite. Our approach offers several important
advantages for the technical application of nanocomposites.
First, carbon exhibits high-temperature and high-pressure
stability and resists attacks from acids, bases, and sol-
vents.**3 Our carbon-modified Fe;O, porous composite is
therefore much more stable than pure Fe;O, at the ambient
pH values and temperatures found in biological systems.
Second, the Fe;O,/C composite has great potential in bio-
chemical and medical applications because it can be further
conjugated to substances such as antibodies and enzymes.
Such potential has been demonstrated recently for a silica-
coated Fe;0, system.* Third, the nanocomposite is super-
paramagnetic, which means that it can be manipulated by
an external magnetic field. We believe that this biocompat-
ible, superparamagnetic Fe;O,/C nanocomposite material
may find potential uses in catalysis, separation, adsorption,
and bionanotechnology.

Results and Discussion
Preliminary attempts to determine the crystalline phase,

crystallinity, and particle size of the Fe;O,/C nanocomposite
were performed by XRD. Figure 1 shows a typical XRD
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Figure 1. Typical XRD pattern of the Fe;O,/C nanocomposite.

pattern of the product obtained after microwave heating at
200°C for 30 min. All the reflections can be readily indexed
to the spinel phase of Fe;O, (space group: Fd3m (No. 227)).
The calculated lattice constant of a=840A is in good
agreement with the value from the literature (a=8.394 A;
JCPDS no. 75-1610). The broadening of the XRD peaks re-
flects the nanocrystalline nature of the material. On the
basis of a Scherrer analysis of diffraction peak widths for
311 peak common to magnetite, the calculated particle size
is around 6.5 nm. Energy-dispersive X-ray (EDX) spectrom-
etry was also used to determine the local chemical composi-
tion of the resulting samples. A typical EDX spectrum is
shown in Figure 2. Three major peaks correspond to the ele-

Chem. Asian J. 2006, 1, 605-610



Microwave-Assisted Synthesis of an Fe;0,/C Nanocomposite

CHEMISTRY

Fe
(0]
Fe
Fe
Cu Cu
I i ‘
I/a.u. \’ H
| |
Cu Fe ’ ‘
'R H tﬂl | C-u
h L R ‘.\_4' L, _.j ! ,‘II'\_

2.00 4.00 6.00 8.00 10.00 12.00
E/keV ———

Figure 2. Typical EDX spectrum of the Fe;O,/C nanocomposite.

ments C, O, and Fe. The above XRD and EDX results con-
firm that the composite comprises nanocrystalline Fe;O, and
amorphous C.

Transmission electron microscopy (TEM) was used to ex-
amine further the crystallinity, particle size, and morphology
of the products. Figure 3a shows a typical bright-field TEM
image for the product whose XRD pattern is shown in
Figure 1. The dark/light contrast is clearly observed. The
light patches suggest the existence of numerous nanosized
pores with diameters less than 10 nm. These irregular pore
structures are connected randomly and lack discernible
long-range order in the pore arrangement among the small
nanocrystalline Fe;O, particles. The amorphous carbon
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Figure 3. a) Representative TEM image of the Fe;O,/C nanocomposite.
Inset: SAED pattern indicating the crystalline spinel nature of Fe;O,.
b) HRTEM image of the (111) lattice fringes of Fe;O,. c) HRTEM image
of the interface between Fe;O, and C.

Chem. Asian J. 2006, 1, 605-610

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

AN ASIAN JOURNAL

cannot be clearly identified in this low-magnification TEM
image. The dark patches show that the product comprises an
analogous aerogel framework of Fe;O, nanocrystals several
nanometers in size. Given the size distribution of Fe;O,, the
average diameter of the magnetite nanocrystals from the
TEM observations agrees well with that obtained from ap-
plying the Scherrer formula to the XRD measurements. The
corresponding selected-area electron diffraction (SAED)
pattern (Figure 3a, inset) reveals diffraction rings of the typ-
ical spinel structure of Fe;O,, which is also consistent with
the XRD result. The high-resolution TEM (HRTEM) image
(Figure 3b) shows that the Fe;O, nanoparticles are structur-
ally uniform and crystalline. The interplanar spacing of
about 0.48 nm, as indicated clearly by the atomic lattice
fringes, corresponds to the (111) lattice planes of cubic
Fe;O,. Figure 3¢ shows an HRTEM image of the interface
between Fe;O, and carbon. The carbonaceous material
serves as a “linker” to bind the iron oxide nanocrystals to-
gether. The porous nature of the product comes from the
packing of these Fe;O,/C nanocomposite particles.

The surface electronic states and the chemical composi-
tion of the Fe;O,/C nanocomposite were examined by X-ray
photoelectron spectroscopy (XPS). The typical wide XPS
spectrum of the Fe;O,/C nanocomposite in Figure 4a sug-
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Figure 4. a) Wide-range XPS spectrum of the Fe;O,/C nanocomposite.
Inset: corresponding high-resolution XPS spectrum for Fe 2p. b) Corre-
sponding high-resolution XPS spectrum for C 1s.

gests the existence of Fe, O, and C in the product. Both Fe
2p and C 1s peaks were further examined by high-resolution
XPS. As shown in the inset of Figure 4a, the peaks at 711.1
and 724.7 eV are the characteristic doublet of Fe 2p;, and
Fe 2p,,, for iron oxide.*? In the high-resolution XPS spec-
trum of the C 1s region (Figure 4b), the peak at 284.6 eV is
assigned to the C—C bonds, whereas those at 285.8 and
288.2 eV suggest the existence of functional groups such as
OH and C=0.""! These peaks are mainly attributed to the
activated carbonaceous materials (C—C bonds) and partially
dehydrated residues from starch (functional groups). The
residues containing OH and C=0O groups are possibly either
covalently bonded or physically anchored to the surface of
the Fe;0,/C nanocomposite. In this regard, the surface prop-
erties of such an Fe;0,/C nanocomposite should be greatly
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altered and improved. To examine the colloidal stability of
the product, the nanocomposite (15 mg) was dispersed in
deionized (DI) water (60 mL) under ultrasonication for
10 min and then vigorously stirred for 2 h. The composite
particles remained in suspension after being left to stand for
several days, thus indicating that they can be well-dispersed
in aqueous solution. We believe that this Fe;O,/C nanocom-
posite with enhanced hydrophilicity and stability in an aque-
ous system may be potentially useful in bionanotechnology.
Many unique properties of colloidal particles are based on
the functions of the microstructures. They depend greatly on
the size, shape, and structure of the building blocks.®! More
recently, Sun and Li®" reported the synthesis of carbona-
ceous microspheres from saccharide starting materials by
dehydration under conventional hydrothermal conditions.
Those microspheres were hydrophilic and functionalized
with OH and C=0 groups, a result very similar to ours. Fur-
thermore, the thermal and nonthermal effects that are in-
duced by microwave irradiation in our approach probably
contribute to the final morphology and structure of the
products.'! Unlike conventional hydrothermal heating, “hot
surfaces” on solid Fe;O, as well as “hot spots” may be creat-
ed by microwave irradiation. These local effects may not
only accelerate the dehydration reaction of starch but also
improve the crystallinity and magnetization intensity of
Fe;0,.

In our Brunauer-Emmett-Teller (BET) surface-area anal-
ysis, the Fe;O,/C nanocomposite exhibits a high surface area
(~79.6 m*g™") that is larger than that of bare Fe;O, nano-
particles (/42.5m?g ") obtained in the absence of starch.
This indicates that Fe;O,/C is
porous whereas the bare Fe;O,
is made of solid powder.!
Figure 5 shows representative
nitrogen adsorption—desorption
isotherms of Fe;O,/C. The
inset shows the corresponding
pore size distribution curve
calculated from the desorption
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Figure 5. Nitrogen adsorption—-desorption isotherms for the Fe;O,/C
nanocomposite. The inset shows the corresponding BJH pore-size
distribution.

The magnetic properties of the Fe;O,/C nanocomposites
were investigated with a vibrating sample magnetometer
(VSM). Figure 6a shows a representative magnetic hystere-
sis loop of Fe;0,/C measured at room temperature, which
suggests typical superparamagnetic behavior with zero coer-
civity and remanence.'” Even with large aggregates, the
porous composite showed no remanence when the magnetic
field was removed, which suggests that the individual Fe;O,
nanocrystals in the composite is noninteracting. This super-
paramagnetism is very useful in technical applications such
as magnetic separation. Figure 6b displays the temperature-
dependence magnetization curves measured at a magnetic
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branch of a nitrogen isotherm
by the Barrett-Joyner-Halen-
da (BJH) method with the
Halsey equation.®” In agree-
ment with the direct TEM ob-
servations, the type IV and the
BJH pore size distribution
curves indicate that the Fe;O4/
C nanocomposite contains mi-
cropores (<2nm) and meso-
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Figure 6. a) Hysteresis loop of the Fe;O0,/C composite determined at room temperature. Upper-left inset: mag-
nified M versus H curve at low magnetic field (—0.2 to 0.2 kOe) showing the superparamagnetic behavior
(zero coercivity and remanence). Lower-right inset: photographs of aqueous Fe;O,/C suspension (5 gL™") and
composite Fe;0,/C particles attracted to a magnet. b) Temperature-dependent magnetization (ZFC/FC) of the
Fe;0,/C composite measured at a magnetic field of 500 Oe, showing a Ty of 85 K. ¢) Magnetic hysteresis loop
of the Fe;0,/C composite measured at 10 K. d) Magnified part of ¢) (-3 to 3 kOe) showing a coercivity force

Chem. Asian J. 2006, 1, 605-610
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field of 500 Oe. The zero-field cooling (ZFC) and field cool-
ing (FC) measurements gave an estimated blocking temper-
ature (Ty) of 85 K. Figure 6¢ shows the magnetic hysteresis
loop for the Fe;O,/C nanocomposite measured at 10K
cooled in the ZFC mode. The corresponding amplification
of the loop in the low-field region is shown in Figure 6d. It
is clear that the nanocomposite is ferromagnetic at 10 K
(below T3) with a coercivity force of 130 Oe.

The porous Fe;O,/C nanocomposite with functionalized
hydrophilic and biocompatible surfaces and superparamag-
netic behavior may serve as an ideal matrix for studying en-
trapped biomolecules. As a preliminary study, we immobi-
lized the hemoglobin (Hb) enzyme in the functionalized ar-
chitecture. Hb is a well-characterized protein with many
practical applications.’”) Heme absorption is a very useful
conformational probe for studying heme proteins, and the
absorption positions of the Soret adsorption band provide
information on the environment of the heme.”™ As shown
in Figure 7, Hb—Fe;0,/C gives a heme band at 407 nm,

Hb-Fe;0,/C
1/au.

300 350 400 450 500
A/nm —=

Figure 7. UV/Vis spectra of free Hb and composite Hb—Fe;O,/C and
Fe;0,/C.

which is close to the Soret band at 406 nm for native Hb in
the buffer. This indicates that there exists a slight structural
variation in the vicinity of the heme site, but no significant
denaturation occurs in the porous Fe;O,/C composite.”™ A
detailed investigation of the binding mechanism is in prog-
ress.

Conclusions

We have successfully constructed an Fe;O,/C nanocomposite
on a large scale through a mild microwave-enhanced hydro-
thermal approach. This green wet-chemical route is simple
and low-cost, and thus is ideal for large-scale industrial pro-
duction. The Fe;O,/C nanocomposite contains porous struc-
tures and exhibits superparamagnetic behavior. More impor-
tantly, it inherits functional groups from the starting materi-
als. We believe that this hydrophilic and biocompatible
nanocomposite will have important applications in catalysis,
separation, adsorption, and bionanotechnology.

Chem. Asian J. 2006, 1, 605-610
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Experimental Section
Synthesis

All chemicals were of analytical grade and used as received without fur-
ther purification. In a typical procedure, starch (3 g) was thoroughly dis-
solved in DI water (20 mL) in a round-bottomed flask at 90°C, and the
flask was then placed immediately in a temperature-controlled water
bath at (60+£1)°C. After addition of solutions of FeCl, (5 mL, 0.3m) and
FeCl; (5mL, 0.6M) with vigorous mechanical stirring, aqueous NaOH
(1 mL, 15m) was rapidly injected through a plastic syringe. Argon gas
was bubbled through the reaction medium during the coprecipitation
process. The reaction and crystal growth were allowed to proceed for
30 min at 60°C with vigorous stirring. Finally, a black-brown suspension
was obtained, which was cooled to room temperature and sealed in a
double-walled high-pressure digestion vessel. After treatment at 200°C
for 30 min with a microwave digestion system (Ethos TC, Milestone), the
vessel was cooled to room temperature. The product was collected,
washed with DI water and alcohol, and dried in a vacuum at 40°C for 4 h
(yield~ 120 mg). For immobilizing of the Hb molecules, Fe;0,/C (40 mg)
was mixed with Hb stock solution (6 mL, 4 mgmL~', pH 7.2, 10 mm po-
tassium phosphate buffer) and stirred for 1 h at room temperature. The
composite Hb—Fe;0,/C was separated from the suspension by magnetic
decantation, washed, and dried at 4°C for further studies.

Characterization

Powder XRD patterns were recorded on a Bruker D8 Advance diffrac-
tometer with high-intensity Cuy,, irradiation (1=1.5406 A). Diffraction
patterns were collected from 10° to 80° at a rate of 2.4° per minute with
a step size of 0.02°. TEM images were recorded on a Tecnai F20 (FEIL,
200 kV) microscope and a CM-120 microscope (Philips, 120 kV) coupled
with an EDX (Oxford Instrumentys) spectrometer. Samples were depos-
ited on thin amorphous carbon films supported by copper grids from ul-
trasonically processed solutions of the products in ethanol. A Kratos
ASIS-HS X-ray photoelectron spectroscope equipped with a standard
monochromatic source (Alg,) operating at 150 W (15kV, 10 mA) was
employed for surface analysis. The binding-energy (B. E.) scale was cali-
brated by determining the B.E. of Au 4f,, (84.0eV). UV/Vis spectra
were collected at room temperature with a Varian Cary 100 UV/Vis Scan
spectrometer. The colloidal dispersion (in DI water) was placed in a
quartz cuvette, which was gently shaken before the spectrum was record-
ed. BET surface areas and porosities were determined by nitrogen ad-
sorption and desorption with a Micrometritics ASAP2010 analyzer. All
the samples were degassed at 393 K overnight. Powdered products were
weighed out for magnetic characterization by vibrating sample magneto-
metry (VSM-7300, Lakeshore, USA).
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